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ERRORS  IN  THE  MEASUREMENT  OF  ANGLE  WITH  A  LASER 


INTERFEROMETER 


1.  INTRODUCTION 


The  advent  of  the  laser  Interferometer  has  revolutionised  the  measure¬ 
ment  of  length  and  has  made  possible  measurements  to  an  ..ccuracy  of  1  part 
in  106  on  a  routine  basis,  these  measurements  being  limited  significantly 
only  by  a  knowledge  of  the  temperature  of  the  work  piece.  By  use  of  two 
retroref lectors  with  a  fixed  separation  it  is  possible  to  convert  distance 
on  a  laser  interferometer  to  angle.  This  has  been  done  commercially  by 
Hewlett-Packard  who  market  an  angle  accessory  for  their  laser  interferometer 
which  can  measure  angles  over  a  range  of  ±  10°  with  a  resolution  of  0.1"  and 
which  has  an  accuracy  specification  of  ±  1  second  up  to  1000  seconds  and 
±  4  seconds  per  degree  up  to  10  degrees.  Schatz  (1)  describes  a  similar 
instrument  which  has  a  range  of  ±  2  degrees  and  an  accuracy  within  0.03 
second . 

The  principle  of  operation  of  these  instruments  can  be  seen  by  an 
examination  of  Figure  1  where  it  can  be  seen  that  as  the  reflector  mount 
rotates  then  the  path  length  between  the  two  arms  changes,  and  this  change 
is  related  to  the  angle  of  rotation.  The  Hewlett-Packard  accessory  consists 
of  two  components,  a  right-angle  beam  bender  which  is  both  wrung  and  bolted 
on  to  the  remote  interferometer  (a  beam  splitter  mounted  in  a  precision 
metal  cube),  and  a  reflector  mount  in  which  two  retroref lectors  (or  corner 
cubes)  are  mounted  a  fixed  distance  L  »  52.388  mm  (2.0625  inch)  apart. 

When  the  retroref lectors  are  separated  by  this  distance,  then,  for  small 
angles,  25.4  nm  (1  yin)  on  the  interferometer  display  is  equal  to  0.1"  of 
rotation  of  the  reflector  mount  relative  to  the  remote-interferometer-and- 
beam  bender  assembly. 

This  accessory  has  been  found  to  work  well  for  measurement  of  pitch 
and  yaw  on  machine  tools  and  for  straightness  and  flatness  measurements. 
However,  because  this  type  of  instrument  does  not  measure  angles  directly, 
but  sines  of  angles,  then  errors  can  arise  in  general  angle  measurement  and 
in  the  calibration  of  angle  measuring  instruments,  such  as  rotary  tables, 
if  the  reflector  mount  is  not  set  correctly  to  zero. 
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2.  ANALYSIS  AND  DISCUSSION 


Schatz  (1)  has  shown  chat 


[n  -  sin^’e 

- _  _  i  (i) 

(n‘  -  sin2e) 

where 

D  is  the  interferometer  reading 

L  is  the  separation  of  the  retroref lectors 

c  is  the  angle  turned  through 

n  is  the  refractive  index  of  the  glass  in 
the  retroref lectors 

b,b'  are  the  heights  from  the  face  to  the 
apex  of  the  retroref lectors. 

i 

For  c  ■  10°,  b'  -  b  ■  10  urn  and  n  *  1.5  then  the  second  term  in  equation  (1) 
produces  a  correction  of  0.5".  For  matched  corner  cubes  (b *  -  b)  should  be 
less  than  10  urn.  Hence  in  the  remainder  of  the  paper  this  correction  term 
is  ignored  and  equation  (1)  is  written  as 


D  =  L  sin  e  (2) 


Consider  the  reflector  mount  set  on  a  rotary  table  as  in  Figure  1, 
with  the  retroref lectors  normal  to  the  laser  beam,  or  what  is  described  in 
this  paper  as  the  "zero  position".  Then  if  the  mount  is  rotated  by  a  small 
angle  a  radian  from  the  "zero  position",  giving  a  reading  Xj,  then 

sin  a  -  Xj/L 

If  the  reading  displayed  on  the  interferometer  is  zeroed  and  the  mount  then 
rotated  through  a  further  angle  <f,  to  make  up  a  total  angle  6,  then  $  is 
given  by 

sin  $  =  x„/L 

where  x-,  is  the  new  reading.  This  equation  and  equation  (4)  below  should 
actually  be  of  the  form 

sin  =  x„  cos  a/L 
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However  this  produces  a  correction  of  only  0.17"  in  60  (defined  after 
equation  (A)  below)  for  0  =  14°  and  a  «  40' .  So  except  for  work  of  the 
highest  accuracy  it  can  be  ignored,  although  the  values  given  in  Table  1 
include  this  correction. 

Therefore 


0  =  $  +  a  =  sin-1  (x,,/L)  ±  sin_1(x  /L)  (3) 

However  when  the  rotation  is  carried  out  in  one  operation  then 

0  =  <f>  +  a  =  sin-1{(x.  ±  x^/L)  (4) 

The  magnitude  of  the  error  60,  given  by  the  difference  (equation  (3))  - 
(equation  (4)),  is  shown  in  Figure  2  for  various  values  of  0  and  a.  There 
is  a  small  asymmetry  between  the  curves  for  positive  and  negative  values  of 
a  which  amounts  to  7.0"  for  0  =  14°  and  a  =  40'.  Since  0  is  a  function  only 
of  the  ratio  x/L,  60  is  independent  of  L  and  so  the  values  obtained  apply  to 
any  instrument,  regardless  of  the  separation  between  the  retroref lectors . 

For  example,  Schatz  (1)  used  L  =  206.2648  mm  (four  times  the  value  for  the 
Hewlett-Packard  instrument)  to  obtain  high  sensitivity,  but  the  same  60 
values  will  apply  to  his  and  the  Hewlett-Packard  instrument.  Thus,  by 
studying  Table  1  it  can  be  seen  that  to  calibrate  a  rotary  table  over  an 

interval  of  -10°  to  +10°  to  an  accuracy  of  1"  it  is  necessary  to  find  the 

"zero  position"  to  within  1'.  This  difficulty  does  not  arise  with  the  use 
of  such  instruments  for  machine  tool  calibration  or  straightness  measure¬ 
ments,  as  deviations  of  more  than  1°  very  rarely  occur,  and  even  at  this 

angle,  for  a  =  10',  60  is  only  of  the  order  of  0.1".  Since  10  is  equivalent 
to  2.9  mm/m  this  alignment  accuracy  is  relatively  easy  to  achieve  for  trans¬ 
lation  of  the  retroref lector  mount  by  0.5  m  or  more. 

The  angle  accessory  was  used  for  the  calibration  of  a  precision  rotary 
table  and  Figure  3  is  a  diagram  of  the  errors  over  the  range  -14°  to  +14° 
obtained  for  various  values  of  a.  The  errors  were  given  by  the  difference 
between  the  rotary  table  reading  and  the  angle  calculated  by  means  of 
equation  (4).  The  initial  autoreflection  and  angular  measurement  system 
alignment  procedures  necessary  for  setting  up  the  laser  interferometer 
components  were  carried  out  but  it  was  found  that  ultimately  a  "zero 
position"  had  to  be  established  by  trial  and  error.  This  was  done  by 
calculating  the  sum  of  the  squares  of  these  errors  for  each  of  a  number  of 
runs.  The  initial  position  of  the  rotary  table  was  altered  by  a  small 
increment  between  each  run  and  the  curve  for  which  the  sum  of  squares  was 
the  least,  best  approximated  the  abscissa  axis,  and  gave  the  "zero  position" 
of  the  rotary  table.  This  gives  a  quantitative  means  of  selecting  the  "zero 
position",  as  this  is  not  obvious  merely  from  inspection  of  the  calibration 
values.  It  is,  however,  just  possible  for  an  angular  movement  to  have  a 
"mechanical"  error  in  its  rotation  that  exactly  compensates  the  error  for  a 
particular  value  of  a.  In  this  case  the  sum  of  squares  method  does  not  work. 
However,  if  another  segment  is  measured,  as  in  the  calibration  of  a  rotary 
table,  then  the  discontinuity  in  the  measured  errors  would  immediately  show 
up  the  problem. 
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For  tables  with  errors  of  more  than  a  few  seconds  finding  the  "zero 
position"  could  be  a  very  time  consuming  process,  especially  as  it  would 
have  to  be  repeated  for  each  segment  of  the  table  calibrated.  In  this  case 
an  autocollimator  could  be  used  to  either  establish  the  "zero  position"  by 
aligning  the  retroref lectors  and  the  beam  splitter,*  or  as  a  null  indicator 
of  the  "zero  position"  for  each  new  segment. 

If  the  theoretical  values  shown  in  Figure  2  are  used  to  correct  the 
respective  curves  of  Figure  3,  then  for  the  11  curves  this  produces  a 
maximum  scatter  of  2"  at  any  of  the  calibration  points  over  the  range  ±  14°, 
which  is  well  within  the  specification  for  the  Hewlett-Packard  instrument 
given  in  Section  1.  Thus,  with  care  the  instrument  can  be  used  over  a  range 
of  i  14°  to  an  accuracy  of  t  1". 

For  specification  of  ±  4  seconds  per  degree  Table  1  shows  that  it  is 
possible  for  this  to  be  exceeded  unless  reasonable  care  is  exercised.  Thus 
the  specification  allows  60  -  40"  for  ©  *  10°  and  this  occurs  for  a  »  40'. 

TABLE  1 

VALUES  OF  66  IN  SECONDS  CALCULATED 
FOR  I'HE  WORST  CASE  OF  (if  +  a) 


a 

0  \ 

-1' 

-5’ 

-10' 

-20’ 

-30' 

-40’ 

i° 

0.01 

0.05 

0.10 

0.22 

0.34 

0.45 

2° 

0.04 

0.19 

0.39 

0.83 

1.30 

1.79 

5° 

0.23 

1.16 

2.37 

4.87 

7.49 

10.23 

10° 

0.93 

4.67 

9.41 

19.11 

29.08 

39.32 

14° 

1.84 

9.24 

18.58 

37.58 

56.99 

76.78 

The  effect  of  relative  movement  of  the  various  components  was  studied 
and  it  was  found  that  rotation  of  the  laser  about  an  axis  parallel  to  the 
rotary  table  axis  does  not  change  the  interferometer  reading  but  causes  a 
corresponding  change  in  the  "zero  position".  However,  rotation  of  the 
remote  interferometer  assembly  about  a  like  axis  causes  a  corresponding 
change  in  reading,  but  no  change  in  the  "zero  position”.  Thus  the  laser 


*  Because  of  the  difficulty  in  using  the  front  face  of  a  retroref lector 
for  autocollimation  without  attaching  a  reflector  to  it,  this  method 
will  only  work  if  the  optical  axis  of  the  retroref lectors  coincides  with 
the  mechanical  axis  of  their  mount  -  to  which  the  necessary  reflector 
may  be  attached. 
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may  be  mounted  remotely  from  any  machine  tool  being  tested  without  the 
results  being  significantly  affected,  but  it  must  be  rigidly  fixed  in 
relation  to  any  angular  measuring  device,  such  as  a  rotary  table,  that  the 
interferometer  may  be  used  to  calibrate. 

3.  CONCLUSION 

The  results  given  above  were  obtained  by  use  of  the  Hewlett-Packard 
angle  accessory  but  they  apply  to  any  similar  instrument,  since  60  is 
independent  of  L.  Because  of  the  errors  described  in  this  paper  care  should 
be  exercised  when  these  instruments  are  used  for  general  purpose  measurement 
of  angles  greater  than  1°. 
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